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Motivation

Increased risk of wide-area blackouts [1]
O High volume integration of RES far from loads
OO Increased trans-national power exchanges Operation closer to
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Power electronics converter (PEC) interface J dynamic stability limit
Stronger network linking

Large OWPPs with modern WTs can address Blackstart requirements
targeted conventionally to large thermal plants: ENTSO-E codes

Steady winds far-from-shore, thus lesser availability-uncertainty
Fast, fully-controlled, high-power environment-friendly BS capability of VSC-HVDC OWPP
Advanced V,f control functionalities from state-of-art PE interface of modern WTs

P(black-out | no-wind) =2 LOW

Grid forming WT,WPPs

Reduce the overall impact of a blackout event

Minimize or totally avoid use of backup diesel generator for auxiliary power, thus cost benefits

No wait for completion of network reconstruction; controlled islanding to ensure continuity of power supply
Allow DRU / LCC-with-smaller-filter, thus reduce costs, increase efficiency & reliability
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Target State 1

* Housekeeping —

internal UPS / 5 g 2
BESS [2] 203

* Grid forming [3] .
GSC + RSC
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* Down-regulation:
Power-curtailment

/ Idling modes

Self-Sustain
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Target State 2

* Voltage controlled

island — 3-level

uGrid control [4] +

MMO [5]
 Grid-formers : Grid-

followers

e STATCOM mode —
VAR compensation

[3]

* Intelligent control-
mode switching [6]
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INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

Target State 3

* Stff, controlled NVoltage

bD Offshore Onshore
Sour Ce. - CC ]E PS o .E Offshore Backup ' Backup Onshore
coordinated parallel 5 £0 W ey -
operation 2 < O i o S QDR SRR SO D e -
e OWPP 2 T B -I_ Ounshore AC Grid
* Controlled Islanded oE e e R e
Operation: stability & G

robustness
* Offshore & DC grid faults
* Harmonic instabilities [7]
* HVDC link resonance
issues [8]
* Substantial network
configuration changes [9]

eg. load pickups,
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Grid forming WT (IS1) [3]

WT GSC

WT-DC V , f
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WIT »Controls I/ at WTT

e, |- | U * Inner loops - dq
lel—— Lo ot o Ci: limit current during transients/faults.

WT Transformer O CV: COﬂtI_‘Ol WTT V

* Outer loops - Droop/VSM(v J,D)/PI/LL

. o Cq: QLC

Vi o Cp: PLC
Q" . . Additions

AV, dq IC dq VC

—>» Dy 2> CQ —>»> —[9—) CV —> CI —> o Ext f-P droop (~1/R in SG)

Ext Droop T T o Ext V-Q droop (~AVR in SG)

Augl L arl» Cp o Virtual impedance (single/multiple ) to
o damp inrush/OC/harmonics.
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VSG [11]

WT-DC

WT GSC

V.f
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Filter
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WTT

Us
T 1, Array
Cable

WT Transformer
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> Q-V & P-f (~SM)
»QLC: Q-V droop
»PLC:

« VSM (virtual ], D)
» Addition [12]:

* Ext f-P droop

e Virtual admittance

e s
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1. VSG without external f-P droop

2. VSG with external f-P droop
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PSC [13]

WT GSC
WT-DC V,f WTT > Q—V & P—f (NSN[)
1 J U |- U »PLC: P
-1 I. T 1, Array
Filter Cable .
» AVC: (~ SM excitet, but I & not P)

o Reqd for weak grids/islands
o Optional: QLC (PI).
»CLC:

* Normal mode: ~active damping (HF:R)
* Faults: OC limit & switch to PLL

V;* = OJCLf(Ig — IC) + jwlel. + Us .
1 » Proven response for weak grids.

0 I(* = &CL[ [I/v; - Uf - 7waIL - IIHP(S)IL] + _[L
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WT GSC

wre [y f WTT » Q-V & P-f (~SM)

@ISt ._®_I_ »>QLC: I
I. T 1, Array
Filter Cable

WT Transformer > PLC PI

PWM >Additi()ﬁ:
* Ext V-Q droop
* Ext {-P droop

> Faults: current limitation ~ PSC
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Distributed PLL [15]

WT GSC

WT-DC V,f WTT
U, ,__-T U
I. I 1, Array
Filter Cable

T
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WT Transformer

PWM PLL

ﬁ;" HPLL¢ ¢MPLL
Us
50
P I V*
_*>1 dq c dq C
w Oy O
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»PLC: PI
>QLC: P
» Addition:

e PLI. based fI.C:
[ffcl > 0= ]p > ]ﬂ)

Thus, Vf*q — kf (fret = f)
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Next steps

WT-DC

» Details in model: wore stability issues.

* Converter switching: J . J
o GSC switching model instead of average model. -1

o Add RSC — WTDC control [16]

* Energization transients [17]:

. : . RSC GSC
o WTTr magnetic inrush & saturation; currently WT'Tr: R+jX.
o Array & Export cables fmodel.
o Dynamic V-issues: OV, harmonic distortions, switching surges
DTU Wind Energy
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WT-DC
»BESS support
* Facilitate BSR-TS1 J - J
* Wind power uncertainty -1
* Transients
+
» Offshore Islanding: substation load RSC == GSC
DTU Wind Energy
z Anubhav Jain 17/06/2019 19
<=




This presentation is part of the InnoDC project that has
received funding from the European Union's Horizon
2020 research and innovation programme under the
Marie Sklodowska-Curie grant agreement no. 765585

This presentation reflects only the author’s view. The
Research Executive Agency and European Commission
are not responsible for any use that may be made of the

information it contains.

THANK YOU




References

[1] S. De Boeck, D. Van Hertem, K. Das, P. E. Sorensen, V. Trovato, J. Turunen, and M. Halat, “Review of Defence Plans in Europe: Current Status, Strengths and Opportunities,” CIGRE Transactions on
Science & Engineering, vol. 5, pp. 6—16, June 2016.

[2] R. Teichmann, L. Li, C. Wang, and W. Yang, “Method, apparatus and computer program product for wind turbine start-up and operation without grid power,” United States Patent US 7,394,166 B2, Oct
2006. [Online]. Available: https://patents.google.com/patent/US7394166B2/en

[3] J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, “Control of Power Converters in AC Microgrids,” IEEE Transactions on Power Electronics, vol. 27, no. 11, pp. 4734—4749, 2012.

[4] J. M. Guerrero, J. C. Vasquez, J. Matas, L. G. De Vicu™na, and M. Castilla, “Hierarchical control of droop-controlled AC and DC microgrids - A general approach toward standardization,” IEEE
Transactions on Industrial Electronics, vol. 58, no. 1, pp. 158-172, 2011.

[6] J. Lopes, C. Moreira, and A. Madureira, “Defining Control Strategies for MicroGrids Islanded operation,” IEEE Transactions on Power Systems, vol. 21, no. 2, pp. 916-924, May 20006.

[5] B. Andersen and L. Xu, “Hybrid HVDC System for Power Transmission to Island Networks,” IEEE Transactions on Power Delivery, vol. 19, no. 4, pp. 1884-1890, Oct 2004.

[7] X. Wang and F. Blaabjerg, “Harmonic Stability in Power Electronic Based Power Systems: Concept, Modeling, and Analysis,” IEEE Transactions on Smart Grid, 2018, (Early Access).

[8] N. A. Cutululis, L. Zeni, A. G. Endegnanew, G. Stamatiou, W. Z. El-Khatib, and N. Helist5, “OffshoreDC DC grids for integration of large scale wind power,” DTU Wind Energy Report E-0124, 2016.

[9] Y. Jiang-Hafner and M. Manchen, “Stability enhancement and blackout prevention by VSC based HVDC,” in CIGRE 2011 Bologna Symposium - the Electric Power System of the Future: Integrating
Supergrids and Microgrids, Bologna, 2011.

[10] H. P. Beck and R. Hesse, “Virtual synchronous machine,” in 9 International Conference on Electrical Power Quality and Utilisation, EPQU, 2007.
[11] S. D’Arco and J. A. Suul, “Virtual synchronous machines - Classification of implementations and analysis of equivalence to droop controllers for microgrids,” in 2073 IEEE PES PowerTech, 2013, no. June.

[12] S. D’Arco, J. A. Suul, and O. B. Fosso, “A Virtual Synchronous Machine implementation for distributed control of power converters in SmartGrids,” Efectr. Power Syst. Res., vol. 122, pp. 180-197, 2015.

DTU Wind Energy
Anubhav Jain 17/06/2019 21

i



https://patents.google.com/patent/US7394166B2/en

References

[13] L. Zhang, L. Harnefors, and H. P. Nee, “Power-synchronization control of grid-connected voltage-source converters,” IEEE Trans. Power Syst., vol. 25, no. 2, pp. 809-820, 2010.

[14] M. Ndreko, S. Riberg, and W. Winter, “Grid Forming Control for Stable Power Systems with up to 100 % Inverter Based Generation : A Paradigm Scenario Using the IEEE 118-Bus System,” in 775
International Wind Integration Workshop, 2018, no. 17.

[15] L. Yu, R. Li, and L. Xu, “Distributed PLL-based Control of Offshore Wind Turbine Connected with Diode-Rectifier based HVDC Systems,” IEEE Trans. Power Deliv., vol. 33, no. 3, pp. 1328-1336, 2018.

[16] P. M. Farsani, S. G. Vennelaganti, and N. R. Chaudhuri, “Synchrophasor-enabled power grid restoration with DFIG-based wind farms and VSC-HVDC transmission system,” IET Gener. Transm. Distrib.,
vol. 12, no. 6, pp. 1339-1345, 2017.

[17] M. M. Adibi and N. Martins, “Power system restoration dynamics issues,” in 2008 IEEE Power and Energy Society General Meeting - Conversion and Delivery of Electrical Energy in the 21st Century.
IEEE, Jul 2008, pp. 1-8.

[18] M. P. N. van Wesenbeeck, S. W. H. de Haan, P. Varela, and K. Visscher, “Grid tied converter with virtual kinetic storage,” in 2009 IEEE Bucharest PowerTech Conference, 2009, pp. 1-7.
[19] L. Zhang, L. Harnefors, and H. P. Nee, “Modeling and control of VSC-HVDC links connected to island systems,” IEEE Trans. Power Syst., vol. 26, no. 2, pp. 783-793, 2011.

[20] L. Zhang, L. Harnefors, and H. P. Nee, “Interconnection of two very weak AC systems by VSC-HVDC links using power-synchronization control,” IEEE Trans. Power Syst., vol. 26, no. 1, pp. 344-355,
2011.

[21] L. Zhang, “Modeling and Control of VSC-HVDC Links Connected to Weak AC Systems,” PhD Thesis, Royal Institute of Technology (IKTH), Stockholm, Sweden, 2010.

[22] Qing-Chang Zhong, Phi-Long Nguyen, Zhenyu Ma, and Wanxing Sheng, “Self-Synchronized Synchronverters: Inverters Without a Dedicated Synchronization Unit,” IEEE Trans. Power Electron., vol. 29,
no. 2, pp. 617-630, 2014.

[23] R. Blasco-Gimenez, S. Afi6-Villalba, J. Rodriguez-D’Detlée, F. Morant, and S. Bernal-Perez, “Distributed voltage and frequency control of offshore wind farms connected with a diode-based HVdc link,”
1IEEE Trans. Power Electron., vol. 25, no. 12, pp. 3095-3105, 2010.

[24] T. Noguchi, H. Tomiki, S. Kondo, and I. Takahashi, “Direct power control of PWM converter without power-source voltage sensors,” IEEE Trans. Ind. Appl., vol. 34, no. 3, pp. 473—479, 1998.

DTU Wind Energy
Anubhav Jain 17/06/2019 22

i




